FOR the past three years Iowa State University has been investigating the use of an electrofluid reactor to produce synthesis gas from coal char and steam. In this type of reactor, heat is supplied electrically by passing current between electrodes placed in a gas-fluidized bed of conducting particles. I n effect, the fluidized bed is a resistance heater.
Experiments carried out in a 4-imh-diameter, bench scale reactor were previously described (Pulsifer et al., 1969) . Some typical results of the batch gasification runs were presented, with information about the electrical characteristics of the system and a discussion of problem areas. It was concluded that it is technically feasible to gasify coal char with steam in an electrofluid reactor.
A 12-inch-diameter, continuous reactor has been constructed to study and develop the process further. Preliminary experiments were carried out in this reactor and typical results of the gasification runs and information on the electrical characteristics of the system are presented.
Other work on the gasification of coal char with steam in an electrofluid reactor has been reported by Kavlick and Lee (1969) . They described the design of a 6-inchdiameter fluidized bed reactor for operation a t pressures up to 1250 pounds per square inch and presented some preliminary operating results.
The literature concerned with the development, characterization, and application of the electrofluid reactor was reviewed previously as well as the literature dealing with the gasification of carbonaceous materials (Pulsifer et al., 1969) . The reviews of gasification by Von Fredersdorff and Elliott (1963) and Walker et al. (1959) are particularly noteworthy. Recent papers dealing with the electrical properties of fluidized carbon particles include those of Wheelock (1968, 1969) and Lee et al. (1968) .
Apparatus
The apparatus consisted of a fluidized bed reactor, equipment for continuously supplying and removing both gas and solids, a power supply, and a product gas analyzer (Figure 1) .
The reactor was constructed from a Norton Crystalon Figure 1 . Gasification apparatus 63 silicon carbide tube, shown in more detail in Figure  2 . The tube had a 12-inch bore, a 24-inch length, and a 1-inch thick wall. It was insulated at the top and bottom with 14 inches of Plibrico refractory cement and on the sides with an 8-inch layer of Fiberfrax bulk fiber, all contained in a steel shell. The reactor was operated at atmospheric pressure. The gas distributor consisted of eight 3%-inch arms radiating from a central vertical pipe. Two Xa-inch holes were drilled ?4 inch from the end of each arm. The arms were constructed from %-inch tubing. The region around the distributor was filled with %-inch-diameter alumina balls, covered with a layer of Fiberfrax fiber and a 5-inch layer of %-inch alumina balls.
The off-gases from the reactor left at the top through two porous Alundum tubes which served as gas filters. A ceramic thermocouple well projected into the bed from the bottom and contained four thermocouples shielded with stainless steel tubing, one just above the ceramic balls, and the others 2, 4, and 8 inches above the balls.
The Crystalon tube was assumed to be conductive enough to serve as one electrode and was grounded. Connection was made between the wall and ground through a 3 x 3 inch ring of graphite powder surrounding the outside of the silicon carbide tube just above the top of the ceramic balls. The other electrode entered the bed from the top. Four center electrodes were used, a 1-inch-0. Water was fed to the reactor through a calibrated, constant volume Zenith gear pump and vaporized in a double-pipe heat exchanger. The steam produced entered the reactor, where it came in contact with the coal char.
The coal char was fed with a Vibrascrew feeder. A rotary air lock valve was placed between the feeder and reactor t o prevent passage of gas between the two. The solids were removed from the bed through an overtlow tube. A cannister was attached to the bottom of the overflow tube for collecting the solids.
'The off-gases from the reactor were cooled with water in a double-pipe heat exchanger and in a coil submerged in an ice bath, and then passed through a knockout drum where condensate was removed. The gases were then metered and vented to the atmosphere. Samples of the off-gas withdrawn after the knockout drum were analyzed in a gas chromatograph.
A variable voltage transformer was used to control the voltage, and hence the temperature, in the reactor. Alternating current was used throughout the investigation.
Materials
Four coal chars were used. The initial runs were made with a hydrogasifier residue supplied by the Institute of Gas Technology (IGT-2) (Huebler and Schora, 1966) .
Char supplied by the FMC Corp. (FMC-3A, FMC-3B, and FMC-4) from its COED process was used in a majority of the runs (Jones et al., 1966) . Data on the properties of these chars are shown in Table I . The screen analyses and particle diameters are for the materials as received. For some of the runs the char was ground and sized.
Procedure
The reactor was first charged with coal char to a settled bed height of between 9 and 13 inches. A small current, about 10 amperes, was then passed through the static bed to preheat the reactor t o about 600°F. The bed was preheated for about 48 hours.
The hed was then fluidized with steam a t the desired flow rate. The pressure in the reactor was adjusted a t this time so that it was a t ambient conditions. During continuous runs, addition and removal of solids from the bed were started when the bed reached the operating temperature for the run.
During a run, the bed temperature, the off-gas flow rate, and the steam flow rate were recorded. The bed temperature was measured by the thermocouples in the bed, while the steam flow rate was determined from the speed of the gear pump. The average off-gas flow rate was determined from the amount of gas passing through a dry-test meter in a known period of time. The off-gas did not include any unreacted steam, as this was removed from the system before the meter. The off-gas was analyzed with the on-line chromatograph.
The current, voltage, and power supplied t o the reactor were also noted. The voltage and power were measured directly with the appropriate type of electrical meter. The average resistance and current were calculated from the measured voltage and power because the current flow, as measured by an ammeter, varied in a rapid and erratic manner.
Results
The reactor was operated with reasonable success on 13 occasions (Table 11 ). The hed temperature was varied from 1350" to 1700" F. in these runs and steam flow rates were between 2 and 17 pounds per hour. During solids feeding, the char feed rate was about 2 pounds per hour.
The purpose of these runs was mainly to develop a working system and gain experience in its operation. Some initial problems were encountered in the areas of gas and solids feeding and temperature measurement, but these were overcome and the system as described operated satisfactorily. Runs 2-10 through 2-18 were essentially made to develop the system, particularly the electrical heating circuit. Runs 2-22 through 2-27 were then devoted to the achievement of steady-state operation at 1700" F.
Results from the most successful run to date (run 2-25) are shown in Figures 3, 4 This run was the longest of the group reported and lasted for 19 hours. After 5 hours of gasification, solids feeding was started at a rate of 2.16 pounds per hour and was continued for 14 hours. The run was made with FMC-3B char which had been ground to an average particle diameter of 0.0087 inch. The steam feed rate was 2.96 pounds per hour for the first 10 hours of the run, and 2.52 pounds per hour thereafter, nearly three times the minimum fluidizing velocity.
The reactor temperature during run 2-25 is shown in Figure 3 . The static bed was heated to about 550°F. by passing current through it. Gasification was then started and the upper portion of the bed heated rapidly to 1700°F. The floor of the reactor heated more slowly, and approached 1600°F. late in the run. The bed was isothermal except for the bottom 2 inches. Figure 4 shows the off-gas composition and rate for run 2-25. The off-gas rate increased very slowly once the temperature stabilized. Typically during a run, it remained constant or increased slowly as in this run. I n the case of run 2-25, the increased rate was probably due to the increasing temperature near the reactor bottom. The composition of the off-gas remained fairly constant at about 53% hydrogen, 40% carbon monoxide, and 7% carbon dioxide on a dry basis, with trace amounts of methane. I t was similar to that found in the 4-inch batch reactor a t a bed temperature of 1700°F. (Pulsifer et al., 1969) .
The electrical characteristics of the system during run 2-25 are shown in Figure 5 . The over-all interelectrode resistance decreased slowly during the first 6 hours of the run as the bed temperature rose and, thereafter, was nearly constant. The voltage was high initially as the bed was heated. I t was then reduced as the temperature reached 1700" F. and held fairly constant during the remainder of the run. The current flow was fairly constant, though it tended to fluctuate as the resistance changed. The power input decreased early in the run, and then remained fairly constant.
At the conclusion of run 2-25, the bed depth was 992 inches. Samples were removed from the top, middle, and bottom regions of the bed. Screen analyses, average diameters, bulk densities, and the carbon content of these samples are shown in Table 111 . The average particle diameter at the conclusion of the run was only slightly less than the initial diameter, although the bulk density was smaller than initially. This indicates that as the carbon reacted, an ash matrix was left essentially intact. The bulk density was somewhat greater in the bottom of the bed than the top, indicating a slight tendency for the heavier material to collect in the reactor bottom. This behavior was observed in other runs. However, sorting in the bed was slight and did not necessitate a separate solids-removal device at the bottom of the bed for heavier material. Figure 6 shows the carbon content of the overflow during the run. I t may be assumed that this represents the over-all composition of the bed. The carbon content of the bed was also calculated by a material balance ( Figure  6) ; the calculated and experimental values agree approximately. (In making the calculations, it was assumed that the volatile matter and moisture were lost from the char immediately upon exposure to the reaction environment. Experience seemed to indicate this was true.) The carbon content of the bed decreased slowly during the run and that the bed weight also decreased during the run. Material balances on water and carbon checked to within about 5% for run 2-25. The energy balance indicated that heat losses from the reactor almost equaled the energy theoretically required for the reaction and for heating the steam, about the same as in other runs. About 40 to 50% of the energy input, then, was lost from the reactor.
Discussion of Results
Gasification. The compositions of the off-gas as shown in Table I1 were about as expected and similar to the off-gas compositions from the 4-inch reactor (Pulsifer et al., 1969) . At temperatures near 1400°F. the off-gas contained about 60'3 hydrogen and equal amounts of carbon monoxide and carbon dioxide. The amount of carbon dioxide decreased with increasing temperature and steam flow rate.
The range of over-all specific gasification rates found in runs 2-25 and 2-27 is shown as a function of the specific steam rate in Figure 7 , and compared to data taken in the 4-inch diameter reactor by Pulsifer et al. The data taken in the smaller reactor were obtained with an earlier batch of FMC char which contained 8870 carbon, during a run made at 1600°F. The data indicate that the gasification rate in the 12-inch reactor was about the same as in the smaller reactor. I t was not possible to operate the larger reactor over the same range of specific steam rates as used by Pulsifer et al., and this conclusion, therefore, needs further verification. The specific gasification rates for the other runs were in about the same range as the data from runs 2-25 and 2-27. No conclusions could be drawn about the effects of temperature, steam flow rate, and carbon burnoff on the gasification rate, since the variation in these quantities was limited.
Electrical Characteristics. The electrical properties of the system presented for run 2-25 were, in general, typical of the results of other runs. Representative values of the over-all bed resistance during all the runs are shown in Table 11 . In the batch runs the resistance increased during the run as carbon WRS gasified, while the resistance was fairly constant during the continuous runs. The fluidized bed resistivity seemed to range between 200 and 400 ohm-inches. These values are only approximate, since the resistivity was calculated assuming the immersion of the inner and outer electrodes in the bed was the same.
The adjustment of the over-all resistance to compensate for changes in bed resistance due to the use of different chars, gas velocities, temperatures, and other parameters, was a major problem in the investigation. Some adjustment was necessary because of the limited range of resistances over which the reactor could be operated due to limitations in the maximum current and voltage which could be provided. Changes in electrode immersion allowed I n run was used, was ahou 2-26. Sin( earent. f" for a limited adjustment in resistance, since the overall resistance tended to increase with decreasing immersion.
Different electrode geometries could also he used to adjust the resistance (column 6, Table 11 ). The runs with the IGT-2 char were made with a I-inch-0.d. carbon rod, with no particular problems. The resistance of the FMC-3 char was too high for the use of a single 1-inch electrode, so two 1-inch-diameter carbon rods were used, each 2 inches from the center line of the reactor and connected in parallel. However, the resistance between the center electrodes and the wall was not significantly reduced by this arrangement. A layer of fused ash was found a t the tip of each electrode over the part of the surface that "viewed" the reactor wall, indicating a hot spot in this area. The majority of current flow was prohahly in this area, and the resistance remained high, since the current flow was not distributed evenly around the electrode.
A 3%-inch-0.d. electrode made from mild steel pipe was then tried. The end of the pipe immersed in the fluidized bed was left open to allow material to fill the center region and the electrode was pierced with %-inch holes so that material could flow laterally through the electrode (Figure 8 ). I n general, this electrode worked well. There was no melting or buildup of fused ash on the electrode which would indicate local overheating, as was experienced in the hatch reactor (Pulsifer et al., 1969) . Apparently, the current density was less with the oversized electrode, so that these problems did not occur.
27, an electrode having a diameter of 1% inches , The interelectrode resistance during this run t 16 ohms, compared to ahout 7 ohms in run :e these runs were made a t the same conditions . . . . -~. ... r the difference in electrode size, the greater resistance must have been due to the smaller electrode used in run 2-27. Also, the l%-inch electrode was severely damaged during the run, approximately 2 inches melting away from the bottom. There was no indication that a short circuit occurred to cause the melting, and it was presumably due to overheating caused hy the high current density. Fine particles having an average were used in run 2-18. a hatch I diameter of 0.003 inch 'un, to see their effect in run 2-18 was attributed to the higher relative gas velocity (ratio of actual velocity to minimum fluidization velocity) used in this run. The relative gas velocity in run 2-18 was ahout 10, while in run 2-17 it was approximately 3.
In operating the 12-inch-diameter reactor, if the bed defluidized during a run, a short circuit immediately occurred between the center electrode and any grounded surface in the bed. This caused solid bridges of fused material to form, apparently from the severe local overheating. I t was important, then, to keep the bed fluidized when power was being supplied to the reactor.
Conclusions
The continuous reactor now operates satisfactorily and is capable of reasonahly long runs. The gasification rate in the continuous reactor is about the same as in the small hatch reactor. The resistance of the fluidized bed is such that operation during a given run is not a major problem, hut the effect on resistance of changes in the various parameters needs continuing investigation.
Operation of the system will he continued to investigate further hoth the reaction rate and electrical characteristics so as to acquire data for design of large units. Continuous gasification runs will he made over a greater range of temperatures, steam flow rates and carbon hurnoffs. Attention will also he given to the use of other electrode arrangements, methods of power control, and the develoDment of suitable electrodes.
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